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Sulfur Equilibria in Molten Fe-La-S, Fe-Ti-S and Fe-Zr-S Systems

Synopsis:

Akio EJIMA, Ken-ichiro SUZUKI,

Nobuo HARADA, and Koji SANBONGI

Sulfur equilibria in molten Fe-La-S, Fe-Ti-S and Fe-Zr-S systems are determined by melting Fe-S
alloy in an induction furnace with subsequent addition of desulfurizing element, La, Ti, and Zr under deox-
idized argon. The possible reaction betweem the desulfurizing element in liquid iron and crucible material
was prevented by lining of equilibrium sulfide (3 mm thick) on alumina crucible in which the melt was
contained. Activity of oxygen in the melt and total oxygen content were lowered by adding about 0.3%
Al prior to the addition of the desulfurizing element, so that oxysulfide formation in the melt might be sup-

pressed.
The results obtained are summarized as follows:

1) Equilibrium constants for desulfurizing reactions with LaS (s), TiS (s), or Zr;S, (s) as the equilibrium

phase are determined to be
log Kp,=—26 000/7T48.9,
log K1j=—8000/T+4.0,
log K2,=—44100/T+19.,

for T from 1818 to 1923 K.

2) Interaction parameters between the desulfurizing element and S are given by
eg->=—18.3(1883 K), e’ ’=—0.18(1873 K), e{* == —0.22(1873 K)
3) Standard free energy change, 4G°, for the reaction; La(l)=La is derived as

4G°=30100—-22.6T

and that for TiS(s) and Zr;S,(s) formation is also determined at 1 873 K to be —57 and —227 kcal/mol, re-

spectively,

4) Applicability of the equation, given by Sakano and Sano for the evaluation of &5,

(T i)
€s > €8

in molten iron is examined, using the values of ¢{®’

verified to be valid even in the case of &{’.
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Fig. 1. Melting chamber.
2.1 RBAEXLIUCRBRER (Fig. 1)
TR E 54 = 7 LEBHE7 VT F 52
12950 g 0 B 253 #ik (C 0.01, Si0.002, Mn 0.001,
P 0.002, O 0.005, S 0.002~0.19;) #¥EAL, EHZ-
Ar 7 2 EHas%, 330kHz, 20 kW DA R SEIRE Chn
Eh, ERTD. ERERPETIROEmME H 5 ik
Ar ZREBURE 3 L THISEITIiASE, Ar+H, 3
# 2 (£ 200,40 ml/ min) DR EH —15°C LT &
55X 5B U FIERE (1 540~1650°C A 3 17)

Table }. Conditions finally adopted to

Table 2. Sintering conditions of various sulfide
linings in a vacuum induction furnace
with a Mo suscepter.

Lining Te"(*yg§ture [ T(i;l")c Vacuum(Torr)
TiS 1200 I 1 <10~
ZryS, 1200 ; 1 <10-¢
LaS 1200 % 1 <10-14

* Sulfide powders were charged into a space between a plug

and an inner surface of a high Al,O;3 crucible.
Temperature was gradually raised under the pressure not
exceeding 10-¢ Torr.

%

KRB ERSE L% Ar o — )V LTEQOHRASRGE
Al (%9 0.5%), SREF#HAD FeS, &8 La, Ti k
KT Zr (»Fhd 99.5% LBLE) 2IERIFML, Ar &
R T 60 min PLEREF LT EEZ BRI ES. ik,
TBRFERNILIESRD B W IR L A R LEO EE
A% & 550 UHEIE LtEBFTCRIE L, LE LIEEL
Brhic X 28B4 6FH Uc. FiEiBEC s nciEsk
RENE D 2FEE & DL GERESICS[&BSh, He o
= v b (#9 30N/ min) iz X WAL Sh, 10s BIRIKE
LI RET 5.

s, PHEILGERRMIX 5~10min CH 5 = & HRIETE
RINTW5.
2-2 ERFILHHEOER

BRALWE RO BRI R L £&BHEK (WTFhd
95% LALE, CERAC #8) % 1ZIT{LEEMIILICESE L,
KPUF-Ar FESH D WiE Mo 4 X+ P& — B fE
BIF-BZEHRDOWTFIHDOHFETER L. SREEE
Table 1 T, HREGT NI FEHDF~ADT 4 =2 744
% Table 2127”7 vk, RIGERPHRDO XEEIRIC
X OEEREITRELTVWS Z & v ELNCIER L .
BRBIOTA =v VEBOEE 2L TICRT.

1) &BEBEREZILFRBILEI VDL TrITAFES L,

complete the sulfide forrm'ﬁg reactions,

Temp.

Time

Reactions* Furnace °C) (h) Atomosphere
TiS;+ Ti=2TiS a resistance furnace 1000 8 Purified Ar deoxidized furthermore by Ti
powder in a reaction chamber
2ZrS;+Zr=7ZryS; | a resistance furnace 1050 8 Ar deoxidized furthermore by Zr powder
2LaS;=La,S, a resistance furnace 1000 5 . Ar deoxidized furthermore by La powder
+1/2‘Sz
La,S;+La=3LaS f vacuum induction 1250 5 Vacuum higher than 10-4 Torr. Powders
: furnace with a Mo ’ were mixed in an Ar box.
| suscepter
!

* Metal powders were added 0.195 excess to the stoichiometric ratio.
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a ) synthesized

Photo. 1.

BT ORBRILD D VIR LB v 22 HET 5.

2) BROBESKIELTRAZHOES L EOEEE
<o Ar Ky 2 AQ AR LETHD (LT
LaS o 4).

3) TiS, Zr;sS, XU LaS O&RIIE LTI, R
Ar OREEEZRISERNT TR SLERD D, Wik
WACALIE T D Pt K — MRORBHFE X 0 22 iR 5
D Ar AN £EHREZE L OINEYITH S,

4) TR T VI F L 2ERNEICRTZMAVWTHEEL
7B LB R 2 B T 53580, EEEH 1074 Torr &
DHLLAEVWE S FIBT 5 L 001200°C L) iz 5§
BLAWZ EBTFETH .

DEoFRzc XL oBoni-54 = I3 EEES T3
FEDFLDOMICHLTrOMBER L, 0gBEDHS
ZHoRFELS D700, BibE 70 S5 0FHOR
SR D DIFEEERVTRD LN T E b D7
ECEEL, & F Uk d D TiS, ZrS, it-ow
THREBE LS DBETH /. Lo L, LaSoE4iciz
AEBITRS A = 7 RS ISt A

Ll ST R T P * L I W |
R TRHCEY 10vol%, 314 = ikicky 20 vol% o

b) sintered

Microstructures of La$S synthesized and sintered in vacuum.

La,0,5(s) oILfFII Seror. RFEH LaS
B ORHEBAMEEF E A Photo. 1 iT5R/3. BELR, KE
B (EBSIZIEZ L golden yellow ¥ X X pale green)
Brhrh LaS, La,0,8 izt LTw5.

83, La,0.8 MR ZoBRECHFEILTHNIE La-S
T T EREE LS5 2 LN RN DT
(i) ZTOBFAEITEBE Lo 2EH 2 HED 7.
23 (EEAMHLUTLEFHLYROETE

BE A = FOBRBRIOCHBORmMEL » 4
INVERIRL, JARAMSE TEIE®, LaS, TiS,
BIC ZrS, #IEHESE & L CRi(LiniEE EPMA - X
DEEHH Lz, E7c, SKEICMNELI4 =22
ZUIA S B X Y FHIRE L ERER Lok
BUMBIC>&E La, Ti, Zr, S kX Al %, SHHUESE
LG LT oy 2o EIZ L D Ok X ONLHF
ZfI7eDt. TRLORS DG Hikk X RS FE I
DEDLEYTHS.

La: &ofb5s 2 4 b Y KRR, 0.00025914)
Ti: RFRICE, 0.05  Zr: 7oue s R WIEREE
2, 0.01%, S :#EEr:, 0.0005% (S<0.19%), 0.0l
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Photo. 2. External appearences of typical quenched samples.

SEM - i - - -
La La, Ti Kd' 2r La S-K 0-K

L-29.
0.09%La

T-8
2.4%Ti

z-1
0.18%2r

S0y

Photo. 3. Microstructures of interfaces between linings and ingots (Lg and L,xs denotes
sulfide and oxysulfide phases in linings).

% (S 0.1~1%), Al: [FFHHE:, O: 7udr %+
)y —FHEEDE, N: 74 buvs MEHREHEE:

3. RRERLEE

3.1 FE#HEbipE
EEERBOSMA Photo. 2 1ZRY. I4 = 40%
B ETE LT VDM, FUEFEDELLERLETH]

LU, GBI TFRoBSci@Boohikroik. &%
e 74 = SRAOBEFERE Photo. 3 ITRT. F
Eptbt I X#EHA, EPMA 5o RE 0 Las,

TiS, ZrsS, {50 S L &BEuFEDO T MM S/La, S/
Ti, $/Zr THFRFN 0.9,~1.05, 0.9~1.05, 1.2~
1.3, OFLHTHBDLEELZ OGNS, Jak, Al 2FmL
HVIBEHBWE T4 = FEBERHGEEIIIA X Uk

— 48 —

5§



Q{’

weko La, Ti, X

XN Zr L S oFfg 947

0.02

\
\\\ Fischer ./ \

0.01 ——

- N ./ \\

Z0.005 o —
+.\ L4 “‘1\\ / CP_‘_?
° \\ . /+ () 1

P Key Addition of La
\J

0002

yes
- no

[ [
000 0.005 001 Q02 005 [e] 0.2

(%La) , (°hCe)

Fig. 2. Equilibrium relationship between S and
La in liquid iron at 1575°C.
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Fig. 3. Equilibrium relations between S and Ti
or Zr in liquid iron at 1600°C.

Lrghie 54 = FOBERICAERL, €FTELS
MR DBMEIIE L B L, BN TR HE T
ot TOLXIEKMTIEIA = IBHEFELLLER
L, 7T FEHDENIBETS.
3.2 BHPO La, Ti KU Zr &£ S BEBOER
hRo EBIAE, 1575 H50ix 1600°C iz kT 5
S L S TEOBEBEOEFRY Fig. 2k XX Fig. 3 i
T 4 =58 AL Ino FEBER RIS T 5 EZE X
Ce-S FHIDLREY LAKTH D, FORETEMTS
LIRS0 T, TZTRERLAEV. DToRRIE
TRC, +5a 4= TR LTV FBDERT
Al 2L CTIER LcRBHC T 5230 THS.
La-S Y13 Buzek 5®, FiscHER 519 DRR L7
LORIUFEELD Ce-S FHENT N TESIRERIC
FIELTWS. Mk, La =i, LaS m4Amsw7:
BEDOERENE La #FmMeET 54 = B0 LaS %
MEESH B ED T L ERREOTHBANT—H LT
5. ¥, Ti-8, Zr-8S Folles i Buzek L0

Table 3. Chemical composition of heats equili-
brated with La,S;(s) at 1575°C.

Chemical composition (%) oLa
o

Run No. added

La S Al O

L-3 <0.002] 0.32 0.21 0.002 | 0.075

L-4 <0.002] 0.38 0.35 0.004 0

a1 L IE 4 A H3RTE VT Buzek DlEER L b 2
LESAl, BETE» L VESAIMEELTVWS T &
Hbhhrd. ik, Mol fRERICX VESNAFE
e R X CHEIAE A B (R80a v CEON S S L
b0 T, HBOKERSIVSEBEOR/IMEL D Las,
TiS &5\ i ZryS, 2 FfHAE T 518k La, Ti,
Zr XU SOREHERS 6D, T/, LaS; 7
4 =2 LT B Lax 0.002% OSHRAELLT ¢
7= (Table 3).
3-3 FHTHMEIBEFABFRE
Wi Stk j (La, Ti, Zr) 12 X 2VEEKDOM S K&
JxSy(8) =% J 4y Seerviinnin (1)
OFHIER, K513 Ky 2 B0 oFlE(=1%]j1%-
[%517) & LT, (2)RTHXLND.
log K5 +x log fj+vy log fs
=log Ky +x(e5’[%;]1+¢'[%S])
+y(e§[%]1 45 (%5]) (aj5,=1) - (2)
T, a f, & BExhLh Henry MD7ER, 15
=R, BIORS 6, | MOMEERBRERTH 5.
e =—0.03719, &7 =0.04619, ¢Z7=0.046'" %
vy el riz . =0 X R ey [%La]l | <10-2([%La]l<
0.1) #FEL (FoZYME 3.5 TSN D) Y
% IR

€

log Kj=log afaf =

gl e
S

(-3}

=" (M;/ M) +0.434 x 10-2 (Mg — M) / M,

= (M M)® (M : [FFH) coveeee (3"
WCED eI L T(2)RNEHHL, (4)~(6)KX»
Bohs. (s, ) RAOHEKILICE D & OIFEIC
BFHAETNEEEOLHER j=La, Ti, Zr T L%
n7zh, 0.015, 0.002, 0.008, X BHiz ¢ ICHE LT
Zhzh 0.003, 0.001, 0.003 »rEHFfESLNSE. Zhb
OEEIEE T 5 o OEHHEIC K LIRDT/hE <, 18
WEBFET 1.5% LT TH5).
log K..=log K1,— ([%La]
+4.34[92%S]) e i (4)
log K%, +0.046[%Ti] —0.037[%S]
= log Kri— ([%Til+1.49[%S]) e -+ (5)
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Fig. 4. Concentration dependencies of the solu-
bility product; Ki.=[%La][%S]
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. 5. Concentration dependencies of the solu-
bility product; Kr,=[%Til[2S].

1.2 \\ ~Ne
M&t\ ~e
08 \'X,K\’,&_msc T

-1 10gK}, -0046 0213 +0,049(S)

X
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x
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L
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133C0213 + 2.84C4LS)
Fig. 6. Concentration dependencies of the solu-
bility product; K7, 1/3=[9,Zr][%S]4/s.
1/3.-log K% ,.+4+0.046[%Zr] —0.049[9,S]
=1/3 log K z:— (1.33[%Zr]
+2.84[94S])eF 7 e (6)

Temp.(°C)
600 1575 1550
55 . I
|
° //
£ 50 p———
=2
1
45
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-
)
-'OJ 20 /
| X
1S 5.3 5.4 55

108/ T
Fig. 7. Temperature dependencies of the solu-
bility product, K,. and the interaction
parameters, eg"®.

(4)~(6)RiZ Lich > TEBRREREZEH L ¢ Fig. 4~
6wiRnd. Fig. 4 X0, [%Lal+4.34[%S] DiRERE
OEIMT & By log K y3idhn L, #SEIEAS 0.1 DLk
TiX log K' OF(LII/NEL DT &b 5. —F,
[%1La] +4.34[%S] 7§95 0.1 LT ORIRE K TlX log X'
DIRERTFHEEAR L 7t b, EERIBET log K' L
ERAFEKER L, (7)XBESN 5.
log K., 1545°C
=—5.3,422.5([%La] +4.34[2%5])
log K., 1575°C
= —5.0+20.3([%La] +4.34[2S])
log K%, 1610°C
= —4.8,418.3([%La]+4.34[2%S])
(7) REDEEE, REAOFEIIThFhlogK,,
—e w52, TORERFES Fig. 7Rt
—%5, Ky, Ky 00T & FIRRIC EEREE 5 23 L
T Kri, Kz, " B3I 87 255kDSN, Zhbw
Fig. 8 i 7n7. ,
Le2>T, FHER K Z3XIOCRGE()oE#R
Bx A ¥F—ZL, 465 13(8)~0)KTELLS 3.
log Kro=—26000/T+8.9, NG
AG3 ,=11,000—41.,T
log Ki=—8000/T +4.0, b cerenienieniennen (9)
4G%,=36 600—18.,T
log Kzp=—44,00/T+19.;
463, =20,000—89.,T
34 EHEKRICEKIEFT C, Mn OEZ
K; w342 G, Mn @8 %2ESC C, Mn 2%
LTRD. 7ok, ERORERMAE, [%Lal+4.34

RN € 10)
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Fig. 8. Temperature dependencies of the solu-
bility products, K%, and K7, and the

(T i)

interaction parameters, ey Zr

and e{" ™.

6.0

w;eq'g):qza
— — l
=2 w7 ¢ ; o) =003

-loghc , ~10gHKun
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(*%C) or (*kMnl

Fig. 9. Effects of C and Mn on the solubility
product, K,.

[24S]=0.02~0.10, 9%C<0.6, %Mn<1.0+ L, K,
Kzr 22Tl Mn OEEIC > TDAER L. C,
Mn 2@ LACBETH, kL ET 5HbmES o G,
Mn REZ VT D 1.5% LT &R 720, 1IGERE
LCRBUEYAEOEERTIIERA L XX 5.

L7cs>T, Ky s+ 5 G, Mn o813, Zoi
B0 Ki(=Kc, Kmn) % (2)REFARCEEL, &=
0.11319), o' =_—0.0259 % BV CERFE L HE LT
DEDXSKFEEhS.

€15 =0.03, »=0.2;(cf. Fig. 9), ™
=—0.04;, ¢§">=0.02(0.329,Mn),
=0.45(0.719,Mn), =0.83(0.952,Mn)
TZT e DL Mn BEL LICHEMTIORIO
THEES R YR RE, BEERLETD ZnS, Mbo
Mn BEEIEVH O D, Mn T T ClE @zrs, % 0.91
(0.329,Mn), 0.71(0.719%Mn) DX 5 iC{ETT S &F
Banb. ok, TOXS% Ze-Mn EEFILDOERK
i Zrickby 2—Far b - Vit T H5ERTED
LRTWERY, SILIFMEBRTEZETLZLDEEX
bhs.
3.5 #mhFaRH
IR X D152 (8)~(10)XA2 5, La(l) oiEgks
~DEMDORIED 4G%, 3 X OTiS(s), ZryS,(s) DIEHUE
AREH TR VF—E(L, 467 ZLIT TR %.
LaS(s) =La(l) +1/2S,(g), 4G5 =123 250

—25.3T 460080 - neemveeeiieiiiiiinnennn (1)
1/2S,(g) =S, 4Gi=—343104+6.7971% ...(12)
Ti(s) =Ti, 4Gi=—13100—10.7T1) weevvene (13)
Zr(s)=Zr, 4G3=—12800—12.07"D --euevnn. (14)

Z(8)~(0)X & MlEET
La(l) =La, 4G%,1,=30000

—22.6T(—12.3keal, 1600°C) -+ververernens (15)

Ti(s) +1/2 S;(g) =TiS(s), 4G
— — 84000+ 14.,7(—57 keal, 1600°C) ---(16)
8Zr (s) +285(g) = Zr5S4(s), 4G5 = —378000
+80.,T (—227 keal, 1600°C) +wrververensens (17)

HES5hS. X5 (18)Ricky, Raoult FEHED IR
TEEBRR D La [HERE, r2. 12 1600°C T 9.2, X
51z Regular Solution Z{R%E LT, e&*’=—0.007g 75
EHrhb.

AG%, 1a=RT In(0.5585 5, /139) «wreeeveree- (18)

3.6 AERE
La, Ti, Zr 3 X T S H¥7{E3F L OBPIRIZRE (£5°C)
7% log Ky w52 58 &+ 5. (19)R&Hv, #
RARZER(8)~(10)RORERESBIC X Y log KiZiBE L
T, BH UL log K; DRIEBREIISDED LBV THS.
dlog Ky, 1 +0.18~0.29, dlog Krj :
4+0.03~0.05, dlog Kz, : +£0.35~0.40
log Kj(=4log K')=log(K';+4K")
—log Ky=log(l+ 4K,/ K%) -eeeeeeee- (19)
¥k, EEROMMRE L L TXTOREKXED 3 5D
EEAEE LTS (dlog Ky DR KEIIIBEIBEKE
+5).
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Table 4. Thermodynamic quantities of the Fe-j-S system evaluated by the present work, at ! 600°C.

‘ ] . ! 4G5 (ixS3) dCo* i
" Sulfide log K; | ey’ (kcfal/ mol) (kal/ mol) | 75 \

‘; phase P.W. r Buzexk | \'VILSON‘ P.wW. \[ Buvzex | P. W. L Buzek | P. W. WILSOV P. W’.? WiLson
Ti | TiS | —0.2¢| 0.32 | —0.18| —0.082 —57 | 33 f }
Zr 1 ZrgSs | —4.05 ‘l —2.0 —0.21 | —0.068 —227 ' 5 1 ;

a | LaS | —5.37' —3.0 | —5.13 | —19 —0.212 | —-12, 3! —10.3 9.2 ;, 15.7
Ce J CeS | —4. 62< —3.1 J —5.69 | —9.1 —0.231 | | —24, 8 —17.20.32, 2.5

*  AG® for the reaction; J(pure):j(%)

Table 5. Relations between the interaction parameters, e’ and contents of desulfurizing
elements, N; which give minimum contents of S, equilibrated with j and desul-
furization products, jxSy, at 1600°C.

. I . . .
Element, j ﬂl ey’ jxSy NF [% ] Jcar. [% ] Jobs.

Ti -0.18 TiS 0.029 2.5 2.5-3.5

Zr —0.21 ZrsS, 9.7-10-32 1.6 1.5-2.8

La —19 LaS 9.7-10-5 0.023 0.01-0.03

Ce | —9.6 CeS 1.8.10-4 0.045 0.05-0.20

* N; denotes mol fraction of j, and is given by the equation; Nj=—(x/y)~(]/s(§“), for a sulfide, j.S;
3-7 HEROMABREOHER T
La
1600°C T KT 5 AMEDOEREZENL, (EkoHmE ®
L3t LT Table 4 1R L. s e
FEERTHE LN Kia 13 WiLson 5,8 RBEN5H 57—
X VHELQORLAERECHANT TS,
log Ky,,=—20100/T+5574(—5157, 1600°C) o
" Proposed by Sakao (
.............................. (20) 8 o )alm for /
oo ! in Fe i
g_o)If'ﬁngL_ La %%[‘90) 10g KCe @?,Elli:f 73) ﬁﬁ@#& : :ng Co milé )
ERELD 1600°C T 1 #HREVWEER L LT VAHED a
and Kay? 135047386 h~ CeS DIRA X X 0572 -
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